Dietary restriction, including fasting, delays aging and has pro-longevity effects in a wide range of organisms, and so has been considered for cancer prevention and the treatment of certain solid tumor types [1] [2] [3] [4] [5] [6] . Fasting can promote hematopoietic stem cell-based regeneration and reverse immunosuppression [7] [8] [9] , and has been reported to promote the anti-cancer effects of chemotherapy 5, 10 . However, the responsiveness of hematopoietic malignancies to dietary restriction, including fasting, remains unknown.
Dietary restriction, including fasting, delays aging and has pro-longevity effects in a wide range of organisms, and so has been considered for cancer prevention and the treatment of certain solid tumor types [1] [2] [3] [4] [5] [6] . Fasting can promote hematopoietic stem cell-based regeneration and reverse immunosuppression [7] [8] [9] , and has been reported to promote the anti-cancer effects of chemotherapy 5, 10 . However, the responsiveness of hematopoietic malignancies to dietary restriction, including fasting, remains unknown.
AML is the most common form of adult acute leukemia, whereas ALL is the most common form of cancer in children; ALL also occurs in adults [11] [12] [13] . Although treatment of pediatric ALL is highly effective, a sizeable number of patients are nonresponders who succumb to this disease. The outcome of ALL in adults is substantially worse than for pediatric ALL, with a 5-year survival rate of approximately 40% 12 . Additionally, some types of ALL have a much poorer prognosis than others 12 . New therapeutic targets and approaches need to be identified to treat these leukemias more effectively. Here we investigated whether and how fasting regulates the development of B-ALL, T-ALL and AML.
RESULTS
Fasting selectively inhibits the development of ALL but not AML To extend our previous work on the extrinsic and metabolic regulation of hematopoietic stem cells and cancer development 14-22 , we studied the effects of fasting on leukemia development. Mice from several retrovirus transplantation acute leukemia models, including the N-Myc B-ALL model 23 , the activated Notch1 T-ALL model 24 and the MLL-AF9 AML model 25, 26 , were placed on various dietary regimens. Strikingly, a regimen consisting of six cycles of 1 d of fasting, followed by 1 d of feeding, implemented 2 d after transplantation (Fig. 1a) completely inhibited B-ALL development. The fasted mice had 32.85 ± 5.16, 11.31 ± 5.42 and 0.48 ± 0.12% of leukemic GFP + cells in peripheral blood (PB) at 3, 5 and 7 weeks post-transplantation, respectively, as compared to 49.52 ± 5.75, 56.27 ± 9.36 and 67.68 ± 8.39% of GFP + cells of the control mice (Fig. 1b,c) . Concordantly, the percentages of leukemic cells in the bone marrow (BM) and spleen (SP) and the numbers of white blood cells (WBCs) in PB were also dramatically lower in the fasted mice at 7 weeks posttransplantation (Fig. 1c,d) .
Next, we measured the distribution of B lymphoblastic cells and myeloid cells in the GFP + compartment of the B-ALL mice. Control mice with B-ALL had 65-80% of B220 + cells (pan B lineage marker) and 0.5-2% of Mac-1 + cells (myeloid lineage marker) in GFP + fractions of PB, BM and SP (Fig. 1e,f) , indicative of fully developed B-ALL. By contrast, there were only 19-28% of B220 + cells and 5-12% of Mac-1 + in GFP + fractions in fasted mice (Fig. 1e,f) , consistent with loss of the B-ALL phenotype. There was also a higher percentage of a r t i c l e s 8 0 VOLUME 23 | NUMBER 1 | JANUARY 2017 nature medicine differentiated B220 + IgM + cells in the GFP + compartment in fasted mice than in fed mice (Fig. 1g) . These results suggest that fasting blocks B-ALL development by decreasing malignant B cell propagation and enhancing B cell differentiation. In the fasted mice, the infiltration of B-ALL cells into the spleen and lymph nodes, as assessed by organ size, was also significantly decreased, such that the size of the spleen and lymph nodes in fasted mice was similar to that in normal mice (Fig. 1h) . Fed, but not fasted, leukemic mice showed tissue destruction in the spleen and liver (Supplementary Fig. 1a ). All fed mice with B-ALL died within 59 d after transplantation. In a striking contrast, 75% of their fasted counterparts survived for more than 120 d without any leukemia symptoms ( Fig. 1i and Supplementary Fig. 1b-d) . The small fraction of GFP + cells in these surviving mice behaved similarly to normal cells; secondary transplantation of these cells did not result in leukemic symptoms (Supplementary Fig. 2 ). We conclude that fasting dramatically inhibits B-ALL development.
In the Notch1 T-ALL model, six cycles of fasting resulted in a dramatic decrease of T-ALL development ( Fig. 1j-m and Supplementary  Fig. 3a) . Fasting lowered the percentage of leukemic GFP + in PB, BM and SP over time (Fig. 1j) , decreased WBC counts in the PB and maintained normal spleen and liver structure ( Fig. 1k and Supplementary  Fig. 3a) . Fasted mice had a lower percentage of CD3 + cells (T lineage marker) and a higher percentage of myeloid Mac-1 + cells in the GFP + compartment, as compared to fed mice (Fig. 1l) , and fasting significantly prolonged the survival of the T-ALL mice (Fig. 1m) . Thus, this fasting regimen can block the development of T-ALL as well as B-ALL.
In striking contrast to the B-ALL and T-ALL models, fasted mice with MLL-AF9 AML did not show reductions in the percentages of leukemic YFP + cells, Mac-1 + cells in the YFP + compartment or Mac-1 + Kit + AML progenitor cells, or in the colony-forming activity of YFP + BM cells (Fig. 1n-p and Supplementary Fig. 3b ). Fasting significantly decreased the percentage of B220 + B lineage cells in the YFP + compartment (Fig. 1o) and shortened the overall survival time of mice with AML (Fig. 1q) . Similarly, fasting did not alter leukemia development in another AML mouse model, driven by the AML1-Eto9a oncogene 27 ( Supplementary Fig. 4) . Thus, fasting inhibits the development of ALL but not AML in mice.
Fasting inhibits ALL development at both early and late stages We sought to understand whether fasting blocks ALL at tumor initiation or later during leukemia development. First, we tested the effects of varying the numbers of 1-d-fasting-1-d-feeding (1F) fasting cycles, started at day 2 after transplantation, on B-ALL development (Fig. 2a) . Every increase of a fasting cycle for up to six cycles resulted in an improvement in leukemia inhibition; a four-cycle fasting regimen essentially eliminated B-ALL. With increased numbers of fasting cycles, we observed augmented decreases in the percentage of leukemic GFP + cells in PB, BM and SP, in the numbers of WBCs in PB and in leukemia burden rates, together with an increase in B-ALL mouse overall survival (Fig. 2b-e) . We also tested another fasting strategy with one to four cycles of 2-dfasting-2-d-feeding cycles (2F) (Fig. 2a) . We found that two cycles of 2F significantly reduced the development of B-ALL, and that three or four 2F cycles had equivalent effects to six cycles of 1F with regard to complete inhibition of B-ALL development, such that 80% of the mice survived longer than 120 d (Fig. 2f-i) . Clearly, fasting at the tumor initiation stage effectively inhibits B-ALL development, and the level of inhibition correlates with the number of cycles of fasting.
Next, we tested the effect of fasting at a middle-to-late stage of B-ALL development. We began the fasting regimens-either two and four cycles of 1F fasting (hereafter 2-1F/4-1F) or two and three cycles of 2F fasting (hereafter 2-2F/3-2F) -when the percentage of leukemic GFP + cells in PB of primary recipients had reached ~60% (Fig. 2a) . Whereas the percentage of GFP + cells in PB rose over time in control mice, this percentage decreased dramatically at 2 and 3 weeks after the initiation of fasting in the 4-1F and 2-2F/3-2F groups, as did the percentage of GFP + cells in BM and SP at 3 weeks post-fast (Fig. 2j) . Analysis of WBC counts also showed that the fasting regimen reversed B-ALL progression (Fig. 2k) . The fasted mice in the 4-1F and 3-2F groups had decreased leukemia burden rates as compared to control mice (Fig. 2l) and lived longer than did the control mice (Fig. 2m) ; whereas all control B-ALL mice were dead by day 58 after transplantation, more than 60% of the fasted mice survived more than To further evaluate how fasting impacts N-Myc-induced B-ALL development at a late stage of the disease, we tested the effects of the 2-IF/4-1F or 2-2F/3-2F fasting protocols in mice that received secondary transplantations (Fig. 2a) . We found that the 4-1F or 3-2F fasting protocols inhibited B-ALL development in more than 40% of B-ALL mice at this very late stage. At 7 weeks after transplantation, the percentage of leukemic GFP + cells in PB, BM and SP, as well as WBC counts in PB, decreased significantly in fasted mice as compared to the fed controls (Fig. 2n,o) . Moreover, the fasted mice had a lower percentage of B220 + cells and a higher percentage of Mac-1 + cells in the GFP + compartment than did controls (Supplementary Fig. 5 ), and had decreased leukemia burden rates and increased life spans (Fig. 2p,q) , indicating that fasting inhibits B-ALL development in mice that have undergone secondary transplantations. We performed a similar set of experiments in the Notch1-induced T-ALL model and obtained similar results (Supplementary Fig. 6 ). Together, these results indicate that fasting blocks the development of B-ALL and T-ALL at both the tumor initiation stage and later stages of the disease. Statistical significance for survival analysis in e, i, m and q was calculated by the log-rank test, *P < 0.05, **P < 0.01.
Fasting induces rapid ALL differentiation and loss and upregulation of LEPR
To study the kinetics of fasting effects on ALL development, we fasted mice with B-ALL at the time at which leukemia had progressed to the mid-to-late-stage (~60% GFP + cells in PB). A single 48-h fast induced a significant reduction in the percentage of GFP + cells in PB, BM, SP and LV at day 2 and day 5 after the initiation of fasting (Fig. 3a,b) . In fasted mice, the percentage of B220 cells decreased greatly in the GFP + leukemic cell compartment, but not in the GFP − nonleukemic cell compartment ( Fig. 3c and Supplementary Fig. 7a ). GFP + leukemic cells had lower rates of apoptosis and proliferation than GFP − cells in control mice; fasting increased apoptosis and proliferation rates in GFP + cells but decreased both in GFP − cells ( Fig. 3c and Supplementary Fig. 7b ), indicating that ALL cells and nonleukemic cells respond differently to fasting treatment. Fasting did not have effects on levels of the senescence marker SA-β-gal in GFP + cells (Supplementary Fig. 7c ). With respect to ALL cell differentiation, GFP + cells in fasted mice were more differentiated than those in control mice, with significantly increased expression of B cell maturation markers, including surface IgM, Ig κ and Ig λ, and reduced expression of immature B cell markers including terminal deoxynucleotidyl transferase (TDT) and surface CD43 (Fig. 3d) . With respect to effects on metabolism, 48-h fasting (2F), 24-h fasting (1F) and two cycles of 24-h fasting (2-1F) showed similar effects, including a decrease in circulating glucose and insulin levels, lower levels of insulin-like growth factor (IGF)-1 and leptin in both PB and BM, and an increase in insulin-like growth factor binding protein 1 (IGFBP1) levels in both PB and BM. In many cases, these effects recovered to pre-fasting levels more slowly in the 2F and 2-1F conditions than in the 1F condition, an observation that is consistent with the severity of GFP + cell reduction in these regimens ( Supplementary  Fig. 7d-g ). Fasting did not alter the homing properties of transplanted B-ALL cells, nor did fasting alter myeloid or lymphoid lineage distributions in the BM of wild-type mice ( Supplementary Fig. 8 ).
Taken together, these results indicate that fasting induces rapid differentiation and loss of ALL cells.
To study the underlying mechanisms, we collected GFP + B220 + B-ALL cells from control mice and from 1-d or 2-d fasted mice by flow cytometry for RNA-seq analysis. Consistent with the concept that fasting promotes B-ALL differentiation, the RNA-seq data indicated that the B cell terminal-differentiation program was initiated rapidly by fasting. The levels of mRNA or activity (as inferred by upstream regulator analysis in Ingenuity Pathway Analysis (IPA) tools) of most of the signature transcription factors of B cell terminal differentiation, including the key factors Prdm1, Xbp1 and Irf4 (refs. 28,29) , were upregulated by fasting ( Fig. 3e and Supplementary Table 1) . Pathway analysis showed that the pathways of cytokine-cytokine receptor interaction, as well as the JAK-STAT pathway that acts downstream of cytokine receptors, were altered significantly; in particular, STAT3, a key player in the JAK-STAT pathway, was inferred to be highly activated by fasting ( Fig. 3f and Supplementary Tables 2 and 3) . Consistent with the inhibitory effects of fasting on N-Myc B-ALL and Notch1 T-ALL phenotypes, the inferred activities of N-Myc and Notch1, as well as the inferred activities of the oncogenes Myc and Bcl3, were reduced profoundly by fasting ( Fig. 3f and Supplementary Table 3) . Moreover, fasting reduced the protein levels of N-Myc in both B-ALL and T-ALL GFP + cells as compared to the fed condition (Supplementary Fig. 9 ). These results suggest that upregulation of cytokine-receptor signaling might be responsible for the inhibitory effects of fasting on ALL.
Consistent with this idea, we found that the expression levels of many cytokine receptors were upregulated in GFP + B220 + B-ALL cells from fasted mice (Fig. 3g) . Among the cytokine receptors showing increased expression, we selected the leptin receptor (LEPR) as a candidate for mediating the antileukemic effects of fasting, on the basis of two criteria: its strong upregulation in cells from fasted mice and the negative log 2 hazard ratio of its expression to survival rates of human patients with pre-B-ALL (that is, a positive correlation between LEPR expression level and overall survival) ( Fig. 3g  and Supplementary Table 4) . Surface expression of LEPR on GFP + cells from fasted mice increased from day 1 to day 2 after fasting and was maintained thereafter (Fig. 3h) . According to mRNA analysis, the long isoform of LEPR, Ob-Rb, was more highly expressed than the short isoform, Ob-Ra (Fig. 3i) , and the level of Ob-Rb mRNA in leukemic cells was increased by fasting (Fig. 3j) . Moreover, the levels of phospho-STAT3, the major effector of LEPR 30, 31 , were increased in leukemic cells by fasting (Fig. 3k) . The fasting-induced increase in LEPR expression was more pronounced in leukemic GFP + B220 + cells than in GFP + B220 − cells, and these relative effects were reversed in nonleukemic GFP − cell populations (Fig. 3l) . Ob-Rb was also the more highly expressed isoform in T-ALL and AML cells, and the ratio of Ob-Rb/Ob-Ra expression in these cells was not affected by fasting ( Supplementary Fig. 10a,b) . Moreover, fasting induced rapid upregulation of surface LEPR levels in Notch-transformed T-ALL cells but not in MLL-AF9-transformed AML cells (Supplementary Fig. 10c) . Notably, surface LEPR expression was lower on nonfasted B-ALL and T-ALL cells than on normal B and T lineage cells, respectively, whereas surface LEPR expression on AML cells was higher or equal to those on normal myeloid-lineage cells (Fig. 3m) . Fasting did not alter the expression of surface LEPR on normal myeloid and lymphoid cells in nontumor bearing mice (Supplementary Fig. 10d) , indicating that the effect of fasting on LEPR expression is specific to ALL cells. Taken together, these results demonstrate that fasting induces upregulation of LEPR and downstream signaling in ALL but not AML cells, which is consistent with the effects of fasting on leukemia development in these mouse models.
Fasting is known to reduce the level of plasma leptin 32 , and adipocytokines have been proposed to affect tumor growth through local and micro-environmental regulation 33, 34 . We found that fasting decreased the levels of not only circulating leptin, but also leptin in BM (Supplementary Fig. 7e,f) . After fasting, the rate at which the leptin level returned to the pre-fasting level was slower in BM than in PB, and this effect was more pronounced in the 2F or 2-1F regimens than in the 1F regimen. The rate at which leptin levels recovered after fasting was concordant with the clearance rate of ALL cells (Supplementary Fig. 7e-g ), which suggests that leptin might have roles in ALL inhibition at both the systemic and local levels. Moreover, the administration of leptin to B-ALL mice reversed fasting-induced upregulation of LEPR (Fig. 4a) , which suggests that LEPR upregulation upon fasting occurs in response to leptin downregulation. Notably, the effect of fasting on decreasing the percentage of leukemic GFP + cells was partially but significantly rescued by leptin administration (Fig. 4a) , suggesting that LEPR upregulation in ALL cells accounts for the antileukemic effects of fasting.
Attenuated LEPR signaling is essential for ALL development
To study the role of LEPR in the effects of fasting on leukemia development, we first used LEPR-deficient mice (hereafter Lepr db/db mice) to investigate whether attenuation of LEPR signaling is essential for ALL development 35, 36 . Using these mice, we previously demonstrated that LEPR signaling promotes breast cancer development and metastasis through suppression of mitochondrial respiration 18, 19 .VOLUME 23 | NUMBER 1 | JANUARY 2017 nature medicine We transplanted N-Myc-infected Lepr +/+ and Lepr db/db BM Lin − cells into wild-type recipient mice. As compared to mice transplanted with Lepr +/+ cells, mice transplanted with Lepr db/db cells showed a significantly faster rise in the percentage of GFP + B-ALL cells and showed an increased percentage of GFP + cells in the PB, BM and SP, as well as increased WBC counts (Fig. 4b,c) . Moreover, within the GFP + compartment, B220 + Lepr db/db cells arose more rapidly than B220 + Lepr +/+ cells, and Lepr db/db cells showed a higher percentage of B220 + CD43 + precursors but a lower percentage of B220 + IgM + differentiated cells than B220 + Lepr +/+ cells (Fig. 4d,e) . These results suggest that LEPR deficiency blocks the differentiation of B-ALL cells. Furthermore, Lepr db/db B-ALL mice had a significantly lower overall survival rate than control mice (Fig. 4f) .
We also examined the effects of LEPR deficiency on T-ALL and AML development. Similarly to the situation in B-ALL, transplantation of Lepr db/db T-ALL cells led to faster leukemic progression as compared to transplantation of Lepr +/+ T-ALL cells (Supplementary Fig. 11 ). By contrast, transplantation of Lepr db/db AML cells led to slightly slower leukemic progression than did the transplantation of Lepr +/+ AML cells (Supplementary Fig. 12 ). These results suggest that LEPR negatively regulates ALL development but not AML development, which is consistent with the pattern of LEPR expression in ALL and AML cells. Next, we used leptin-deficient (Lep ob/ob ) mice 19, [37] [38] [39] or wild-type mice as the recipients of leukemic cell transplantation to test the effect of LEPR-ligand deficiency on B-ALL development. B-ALL developed faster in Lep ob/ob recipient mice than in wild-type mice ( Supplementary  Fig. 13a,b) ; moreover, the percentage of B220 + IgM + cells in the GFP + compartment was substantially lower in Lep ob/ob than in wild-type recipients, especially in the early stages of disease ( Supplementary  Fig. 13c ), which suggests that B-ALL cells in Lep ob/ob mice are less differentiated than those in wild-type mice. Lep ob/ob B-ALL mice did not survive as long as wild-type mice (Supplementary Fig. 13d ). The exacerbation of leukemia development in Lep ob/ob B-ALL mice was reversed by leptin administration (Supplementary Fig. 13a-d) . By contrast, AML development was modestly delayed in Lep ob/ob recipient mice as compared to that in wild-type mice ( Supplementary  Fig. 14) . Thus, the loss of leptin-LEPR signaling because of either LEPR deficiency in donor cells or leptin deficiency in recipient mice accelerates ALL development, consistent with the notion that attenuated LEPR expression is essential for ALL development.
LEPR is required for fasting-induced inhibition of ALL development
To determine whether LEPR is required for fasting-induced inhibition of ALL development, we transplanted Lepr +/+ and Lepr db/db B220 + B-ALL cells into WT recipient mice; once ~60% of cells in the PB were GFP + , the mice were fasted for 48 h (Fig. 4g) . In mice transplanted with Lepr +/+ cells, fasting led to a drop in the percentage of GFP + cells in PB from 71.77 ± 6.15% pre-fasting to 1.16 ± 0.69% at day 2, followed by a rise to 2.93 ± 0.80% at day 3 and 63.47 ± 11.52% at day 5 (Fig. 4h) . However, the same fasting regimen assigned to Lepr db/db B-ALL mice resulted in a significantly attenuated decrease in the percentage of GFP + cells in PB at days 2 and 3 (Fig. 4h) . Moreover, whereas essentially all Lepr +/+ B-ALL cells had differentiated into IgM + cells at days 2 and 3 after the initiation of fasting, Lepr db/db B-ALL cells did not undergo differentiation (Fig. 4i) . These results indicate that a lack of LEPR in B-ALL cells confers resistance to fasting.
In parallel, we carried out a fasting regimen consisting of two cycles of 2-d fasting/2-d feeding at day 2 after transplantation ( Fig. 4g) . Similarly to the results with one 48-h fast, LEPR deficiency in ALL cells resulted in the development of resistance by mouse recipients to the effects of two cycles of fasting (Fig. 4j-m) . Mice transplanted with Lepr db/db T-ALL cells were also resistant to the antileukemic effects of both fasting regimens (Supplementary Fig. 15) . Collectively, our results indicate that LEPR deficiency abrogates the fastinginduced block of ALL development, consistent with the idea that LEPR upregulation on ALL cells is responsible for the inhibitory effects of fasting on ALL.
LEPR induces ALL differentiation through PRDM1
To study how LEPR upregulation might inhibit ALL, we overexpressed LEPR in B-ALL cells. LEPR overexpression significantly elevated the expression of surface IgM and light chains λ and κ, and significantly decreased TdT expression, indicating that LEPR induces B-ALL differentiation (Fig. 5a) . Among the key transcription factors required to activate B cell terminal differentiation 28, 29 , LEPR overexpression significantly upregulated the mRNA and protein levels of XBP1, and especially, PRDM1 (Fig. 5b,c and Supplementary Fig. 16a ), although no changes in their mRNA levels were observed in B220 + BM cells of ob/ob or db/db mice (Supplementary Fig. 16b ). PRDM1 expression can be activated by STAT3 and STAT5 (ref. 28) , which are major effectors of LEPR signaling 30, 31 . In addition to its role in B cell terminal differentiation, PRDM1 is also a crucial factor for the differentiation of terminal effector T cells, and the gene encoding PRDM1 is a tumorsuppressor gene in lymphoid malignancies 28, 40, 41 . Knockdown of Prdm1 reversed Lepr induced B-ALL differentiation in vitro ( Fig. 5d and Supplementary Fig. 16c ), which suggests that PRDM1 mediates the effect of LEPR on the promotion of ALL cell differentiation.
Next, we overexpressed LEPR (the Ob-Rb isoform) in mouse B-ALL cells (BM cells of mice transplanted with N-Myc-expressing fetal liver cells), and followed up with secondary transplantation. LEPR overexpression significantly inhibited B-ALL development, as evidenced by decreases in the percentage of GFP + cells and WBC counts, increased B-ALL cell differentiation and a prolongation of mouse survival as compared to the control vector (Fig. 5e-h) . By contrast, LEPR overexpression had little effect on Representative data from three independent experiments are presented as dot plots (means ± s.e.m.) in a, b and d, or as box-and-whisker plots (median values (line), 25th-75th percentiles (box outline) and minimum and maximum values (whiskers)) plots in e-g, i-k, and m-o. Statistical significance was calculated by Student's t-test, *P < 0.05. Statistical significance for survival analysis in h, i and p was calculated by the log-rank test. Fig. 17) . Similarly to LEPR overexpression, PRDM1 overexpression in mouse B-ALL cells significantly inhibited B-ALL development (Fig. 5i-l) . Additionally, we co-expressed shRNAs targeting Prdm1 with Lepr in mouse B-ALL cells, and found that Prdm1 knockdown blocked the ability of Lepr overexpression to inhibit B-ALL (Fig. 5m-p) . This rescue experiment confirms that PRDM1 has an important role downstream of LEPR in regulating B-ALL development.
MLL-AF9-driven AML development (Supplementary
We also tested the effects of LEPR overexpression when coinfected with N-Myc in primary fetal liver cells. In this setting, LEPR overexpression abrogated B-ALL development ( Supplementary  Fig. 18a and b) . As a control, mice transplanted with LEPR-infected normal fetal liver cells showed only modest changes in myeloid and lymphoid cell percentages (Supplementary Fig. 18c ). Little variation in the distribution of these lineages was observed between wild-type and LEPR-deficient (db/db) mice under either fed or fasted conditions (Supplementary Fig. 18d) , and the distribution of these lineages was not substantially affected in the nonleukemic GFP − cell compartment of mice transplanted with either Lepr +/+ or Lepr db/db B-ALL or T-ALL cells (Supplementary Fig. 18e ). Fasting and LEPR signaling inhibit human ALL development To study the importance of LEPR in human leukemia development, we first performed an in silico analysis of LEPR mRNA expression in more than 2,000 human leukemia and normal BM samples (GSE13159). LEPR was expressed at significantly lower levels in all types of lymphoid leukemia cells tested as compared to normal BM samples, whereas LEPR was expressed at similar levels in normal and myeloid-leukemia cells (Fig. 6a) . Consistent with these findings, flow cytometry analysis showed that human B-ALL and T-ALL cells, but not AML cells, expressed significantly less cell surface LEPR than did their normal cell counterparts (Fig. 6b) . Moreover, pediatric patients with pre-B-ALL with higher LEPR mRNA expression tended to survive longer than those with lower levels (although this was not a significant effect) (Children's Oncology 
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p le x a b e r r a n t k a r y o t y p e A L L -h y p e r d ip Group clinical trial P9906), whereas there was no such correlation in patients with AML (The Cancer Genome Atlas) (Fig. 6c) . These results suggest a conserved role of attenuated LEPR expression in supporting of human ALL development. LEPR sensitivity can be affected by LEPR gene polymorphism 42, 43 , which would not be detected in microarray experiments. To further study the role of LEPR signaling in human leukemia, we expanded the survival analysis to all known LEPR-signaling-related genes 44 . We found that the expression patterns of 29 out of 118 LEPR-signalingrelated genes (24.6%) were significantly correlated with pediatric pre-B-ALL overall or event-free survival; this correlation was significantly higher than that for LEPR-signaling-unrelated genes (2,846 out of 20,933, 13.6%) (Fig. 6d) . By contrast, there was no significant difference between the correlation of LEPR-signaling-related and LEPR-signalingunrelated genes with the overall survival of patients with AML (Fig. 6d) . Furthermore, among the 29 genes whose expression was significantly correlated with the outcome of patients with pre-B-ALL, most of the genes that negatively regulate or are negatively regulated by LEPR signaling showed a correlation with poor outcome, whereas genes that positively regulate or are positively regulated by LEPR signaling showed a correlation with better outcome (Fig. 6e and Supplementary Table 5) . These results indicate that LEPR signaling is positively correlated with survival in human pre-B-ALL but not in AML.
Next, we determined the effect of fasting on human ALL development in vivo by using a xenograft model. After showing that fasting inhibited N-Myc-driven B-ALL development in sub-lethally irradiated scid recipient mice (Supplementary Fig. 19) , we tested the effects of fasting in sub-lethally irradiated scid mice bearing xenografts of human pre-B-ALL cell line NALM-6. Fasting increased LEPR expression on NALM-6 cells as compared to that in the fed condition (Fig. 6f) . All fed control mice displayed paraplegia and died of disseminated leukemia by day 35. However, in mice that were fasted with a regimen consisting of three cycles of 2-d fasting/2-d feeding, initiated on day 2 after the cells were injected, the incidence of paraplegia was markedly reduced, the percentage of hCD19 + NALM-6 cells was significantly decreased in BM and SP and overall survival was significantly improved as compared to controls (Fig. 6g-i) . These data indicate that fasting effectively inhibits the development of human ALL in the xenograft mouse model.
DISCUSSION
Dietary restriction is associated with positive therapeutic outcome in both animal models and humans, and it selectively suppresses certain solid tumor types, especially when combined with chemotherapy [1] [2] [3] [4] [5] [6] . Here, by using mouse models of N-Myc B-ALL, Notch-1 T-ALL, MLL-AF9 AML and AML1-Eto9a AML, as well as a xenograft mouse model of human leukemia, we demonstrated that fasting alone greatly inhibits the development of ALL but not AML, and we identified the underlying mechanism responsible for the differing response to fasting treatment. Our results indicate that the effects of fasting on leukemia development are cancer-type dependent and reveal the importance of attenuated LEPR signaling in ALL development and maintenance.
In most human populations, there is a strong association between obesity and ALL leukemia, but the underlying mechanisms remain poorly understood [45] [46] [47] . Patients with obesity and ALL have worse outcomes 46, 48 than patients with ALL but without obesity, and patients with ALL have a high risk of obesity after treatment 42, 49 . In addition, diet-induced obesity can accelerate the development of ALL in mouse models 50 . Obesity is characterized by leptin resistance that is usually marked by elevated leptin levels but attenuated LEPR signaling 51 . Here we demonstrated the importance of attenuated LEPR expression in ALL development and showed that LEPR signaling correlates with pre-B-ALL patient outcome. Our study suggests a possible link between obesity, LEPR signaling and ALL development. Adipocytes protect ALL cells from chemotherapy and promote relapse 46, 52 . We suggest that adipocytes can provide a niche-like environment for ALL cells in which there are high leptin levels, which leads to the suppression of LEPR expression and thereby the inhibition of ALL cell differentiation.
A key finding of our study is that fasting leads to increased LEPR signaling and subsequent inhibition of ALL development, but further study of the underlying mechanisms is needed. In particular, the mechanism by which fasting induces upregulation of LEPR expression and signaling is not yet clear. We speculate that a reduction in systemic leptin levels by fasting leads to a compensatory elevation of LEPR expression on leukemia cells. A similar induction of LEPR mRNA and LEPR protein levels by fasting has been well documented in the nervous system 53 . The very low level of LEPR in nonfasted ALL cells suggests that LEPR expression levels are the limiting factor in leptin LEPR signaling, such that fasting-induced elevation of LEPR levels would increase signaling, despite a drop in circulating leptin levels. This situation might be specific to ALL cells that express very low levels of LEPR, as compared to other types of cells, including AML cells that express relatively high levels of LEPR.
It will be important to determine whether ALL cells can become resistant to the effects of fasting, which might provide more insights into leukemia pathogenesis. In addition, although both N-Myc B-ALL and Notch-1 T-ALL models might depend on Myc for the leukemia phenotype 54 , the MLL-AF9-and AML1-Eto9a-AML models do not. This raises an interesting possibility that fasting might affect leukemia development based on specific oncogenes, such as Myc. Future studies are warranted to define more precisely whether differences in the cell of origin or in oncogene drivers contribute to the differential responses of ALL and AML to fasting. Moreover, aside from LEPR signaling, other systemic and leukemic cell effects will undoubtedly be involved in the inhibitory effects of fasting on ALL. For example, the growth hormone (GH)-GH receptor (GHR)-IGF-1 axis has an important role in the treatment of certain solid tumors by a combination of fasting and chemotherapy 5, 10 . Notably, the GH-GHR pathway shares common JAK-STAT downstream targets with the leptin-LEPR pathway 5 . Whether these pathways work separately or cooperatively in mediating the effects of fasting on different tumor should be further investigated.
Although the therapeutic strategy of forcing malignant cells to terminally differentiate was proposed several decades ago 55 , differentiation therapy has so far been used successfully only in a subtype of AML, acute promyelocytic leukemia (APL) 56, 57 . Our data show that fasting can effectively induce B-ALL differentiation at both the early and later stages of disease, which suggests the potential of fasting for differentiation therapy in patients with de novo and relapsed ALL. Our study also provides a platform for identifying new targets for ALL treatment.
METHODS
Methods, including statements of data availability and any associated accession codes and references, are available in the online version of the paper. 
